Abstract-A current problem in deoxyribonucleic acid (DNA) sequence analysis is to determine the exact locations of the genes and also in eukaryotes, the protein-coding regions in the mRNA primary transcript (pre-mRNA).The conversion into discrete numerical values of the symbols associated to the nucleotides of these sequences allows for a signal to address the problems related to localization and annotation of genes. In this work, thermodynamic data of free energy changes (ΔG°) on the formation of a duplex structure of DNA or RNA are used to convert the symbols into numerical values associated with the nucleotide sequence pre-mRNA. This study presents an analysis, based on techniques of timefrequency representation of a large number of gene sequences, in order to find variables related to pre-mRNA that could best characterize and discriminate coding regions from non-coding regions. It has been found that instantaneous frequency variables and instantaneous spectral energy variables in different frequency bands, allowed exons and introns to be correctly classified with more than 85%.
I. INTRODUCTION
ENOME contains all the instructions necessary to manufacture and keep alive an organism. Cell nucleus includes the deoxyribonucleic acid (DNA) composed of a succession of four different nucleotides: Adenine (A), Thymine (T), Cytosine (C), Guanine (G). Sequences of these nucleotides form long chains. In the case of the human genetic code these chains contain 3000 million of bases divided into 23 pairs of chromosomes. Proteins are functional units of living organism [1] . For their synthesis, portions of the genome containing the coding sequences of the DNA molecule, called genes, are translated into a molecule called ribonucleic acid (RNA). When a gene is expressed, the DNA double strand is opened during the time required for the formation of a single-stranded copy of the sequence of the gene from the RNA, called the primary transcript pre-mRNA or mRNA. Subsequently, this string is subjected to RNA editing during which the sections that are Manuscript received April 20, 2010. This work was supported within the framework of the CICYT grant TEC2004-02274 from the Spanish Government. U.S. P. Melia, P. Caminal A. Perera not going to be translated into protein (introns) are removed. Only the meaningful sections (exons) that can be translated into protein are spliced to form a continuous sequence. The final chain is a continuous sequence of coding region that can be translated into a protein. In complex organisms, the primary RNA transcript could be alternatively edited, so that the initial part of some introns can become coding sequence in response to specific biological signals. In complex organisms, two levels of molecular machinery are involved in splicing of pre-mRNA transcripts: the basal machinery and gene regulation system.
The basal machinery, which is found in all organisms whose genome contains introns, consists of five small nuclear RNA molecules (sRNA) [2] . These molecules, which are formed by few nucleotides, bind to certain proteins to form the "spliceosome" complex that is responsible of recognizing the sites where the intron starts and ends, cutting them, expelling them from the pre-mRNA transcript and then assembling the exons to form mRNA [3] . For each intron, four nucleotide sequences work as signals that report to the "spliceosome" where to cut: at the start of the intron or cut point 5', at the end or cut point 3', in the middle or area of branching, and polypyrimidine stretch [4] . Moreover, the gene regulation system controls the process of splicing and cutting by driving the basal machinery to these cut point [5] [6] .
Because in higher organisms, the ratio of lengths between exons and introns is very large (about 0.15kb and 10kb, respectively, for humans), there are difficulties in extracting regular features of the structure, allowing the functional sequences (exons) to be predicted. Classically, it has been opted for two approaches for the automatic annotation of uncharacterized DNA sequences: on one hand, the search for homology with sequences annotated in other genomes from expression data and, on the other, based on extracting statistical patterns in the region of the gene, known as ab initio prediction. However, from another perspective, the analysis in the frequency domain could be of great interest in differentiation between exons and introns. Fourier analysis is a basic tool in the processing of these sequences [7] ; however, it can only reveal the overall frequency of stationary signals, losing the time dependence. With the time-frequency representation, it is possible to observe the evolution of the periodicity and frequency components along time, allowing non-stationary signals to be efficiently analyzed [8] .
Moreover, the conversion into numerical values of the symbols associated with the nucleotide sequence of DNA permits to address the problems related to localization and annotation of genes by signal processing. It is worth mentioning that the time is associated with the position of nucleotides along the gene sequence. Thus, it can be considered, without losing generality, that the numerical representation of a nucleotide sequence is a signal sampled at intervals of 1 second and 0.5 Hz of bandwidth.
In the present work, an analysis based on techniques of time-frequency representation of a large number of gene sequences was performed in order to find which variables, related to pre-mRNA, can better discriminate coding regions from non-coding regions in a sequence.
II. MATERIALS AND METHODOLOGY

A. Analyzed Database
In this work, 500 gene sequences were processed, taken from a chromosome with the corresponding notation of the positions of exons and introns. These sequences were taken from the public database Ensembl [9] and organized by software developed by our research group.
B. Numerical Representation of Genomic Sequences
The thermodynamic values of enthalpy (ΔH °), entropy (ΔS °) and free energy (ΔG °) changes for the formation of a duplex structure of DNA or RNA can be calculated from the thermodynamic data library, based on the nearestneighbor interactions [10, 11] , with 10 combinations of base pairs of Watson-Crick: AA / TT, AT / TA, TA / AT, CG / GC, GC / CG, CT / GA, GA / TC, GT / AC, AC / GT, GG / CC.
In this work, the Gibbs free energy (ΔG °) was used in order to convert into numeric values the symbols associated with the nucleotide sequence of pre-mRNA. The numbering sequence thus obtained is a sequence of symbols with the particularity of providing a physical meaning. It accounts for the ease with which a number of nucleotide binds to its complementary set, a circumstance that occurs continuously during the editing process in the pre-mRNA sequence. That happens, during the cutting of introns and the union of exons, in order to generate the mRNA sequence that carries the protein code.The obtained sequences are a succession of thermodynamic values that can be assimilated to a non-stationary stochastic process with a non-zero mean value.
C. Time-Frequency Representation Tools
For each gene, Choi-Williams distribution (CWD) [12] was applied to numerical sequences, after the calculation of the analytical signal, by using the expression (1) with the Wigner distribution (WD) (2) and the Choi-Williams (CW) exponential (3).
(1)
The formula (2) is the WD of a x(t) signal, where x (t) is the complex conjugate signal of x(t). The CWD (1) is obtained by the convolution between WD (2) and CW function (3) . Finally, CWD function [12] is defined in timefrequency domain.
The function (3) preserves the properties of the WD [13] , such as the marginal properties and instantaneous frequency. Besides that, it is capable of reducing WD interference thanks to an adequate choice of c parameter. In this case, c =0.05 represents an efficient value.
In order to calculate variables that might reflect characteristics of the signal in different frequency ranges, the spectrum was divided into the following frequency bands: VLF, 0-0. Instantaneous spectral energy was calculated for each gene signal as the CWD integral in frequency in each of the bands. Subsequently, for each band, the instantaneous frequency function was calculated [13] as the average frequency of the spectrum along the time, using equation (4) . (4) where N is the number of samples in frequency axis. Figure 1 shows an example of CWD normalized by the maximum value of a gene (named AGT), with exons and introns differentiated by lines.
D. Shannon and Rényi Entropies
In order to measure the complexity of the time-frequency signal response, Shannon entropy, equation (5), and Rényi entropy, equation (6) , were applied to each sequence of instantaneous frequency and instantaneous spectral energy calculated from each CWD. Also, the same techniques were applied to the original sequences of the Gibbs energy for each gene. In equation (6) , the large probabilities most influence the Rényi entropy when q>1 and the small probabilities most influence the value of Rényi entropy when 0<q<1. The Rényi entropy converges to the Shannon entropy when q 1. 
E. Definition of Variables
Several variables were defined for instantaneous frequency, instantaneous spectral energy and Gibbs energy along nucleotide position. For each signal, the following variables were calculated: mean, standard deviation, maximum and minimum value, the position of the maximum and minimum value, Shannon and Rènyi entropies. All these variables were obtained from the complete sequence and from the n={25,50,75,100} nucleotides at the start and at the end of each intron and exon. However, Shannon and Rènyi entropies were calculated only for the complete sequence in order to avoid uncertainty in the calculation of the probability of short signals. Instead, the nucleotide position of the peak was calculated only for the n samples at the start and at the end of intron and exon sequences. Since this value depends of the length of the sequence, this could influence the statistical classification. In these n samples, it is considered that there is a peak if this peak value exceeds 75% of the maximum value of the entire sequence; otherwise it is assumed that no maximum value exists in these regions.
F. Statistical Analysis
The Mann-Whitney test, a non-parametric test and therefore independent from the type of distribution, was used for the statistical analysis in order to compare data from two independent populations and to assess whether these two populations come from the same distribution. The considered populations were: exons and introns, labeled as group 1 and group 2, respectively.
For each variable, the statistical significance level p of the Mann-Whitney test was calculated and the classification was made with a quadratic function (7) . In this formula, the subscript i denotes the respective class or group; the subscripts j = 1, 2, ..., m denote the variable under consideration taken from the total amount of calculated variables; is a constant for each class, w ij is the weight for the j-th variable in the computation of the classification score for the i-th class; x j is the observed value for the respective j-th variable. The resultant classification score is S i .
(7)
For classification, the first step was to build a discriminant function (7) by calculating the coefficients w i . The aim is making the S i value different as much as possible between the classes (introns and exons) trying to maximize the equation (8).
The classification algorithm uses half of the number of genes for training, in order to build a classification function, and the other half for validating its accuracy. The percentage of correctly classified exons and introns was respectively calculated as the rate between number of exons or introns correctly classified and total number of exons or introns, respectively.
On the other hand, the use of a genetic algorithm (GA) gives advantages for obtaining a set of variables, chosen from the total amount, so that they provide high accuracy in classification of exons and introns by the calculation of (7). This algorithm performs a number of iterations in an attempt to get good percentages with different variables randomly chosen. In this way, it can be done a more thorough analysis of the total combinations of all defined variables.
III. RESULTS AND DISCUSSION
Only instantaneous frequency entropies were able to characterize (p<0.0005) exons and introns with a percentage higher than 60% of well classified sequences. Table I shows the mean value, the standard deviation and the percentages of correctly classified exons and introns for the best variables: Rènyi entropy (q=0.5) in VHF band (VHF_RE05), Shannon entropy in HF and LF band (HF_ShaEn and LF_ShaEn) calculated in instantaneous frequency signals. It can be noted that the mean value of entropy of exons is always higher than the entropy of the introns. Combining variables by GA have permitted to obtain higher percentages of correctly classified exon and intron sequences. The best combination was found with variables related to instantaneous spectral energy and instantaneous frequency of the complete sequence of exon versus the 100 nucleotides at the start (AEIS) and at the end (AEIE) of intron. In Table II , the best variables for both cases are shown with the percentages of correctly classified exons and introns. 
IV. CONCLUSIONS
The start and end part of introns (cut point 5' and 3', respectively) and the polypyrimidine tract, that is also toward the end of intron, contain nucleotide sequences that work as signals for indicating where the spliceosome have to cut. For this, the signals obtained in this region, with the conversion of nucleotides in numerical signals, must be of deterministic type compared with the signals obtained from exons that do not need to notify to the spliceosome about their position. Exonic splicing enhancers and silencers are exception. This hypothesis is supported by the fact that the mean value of the entropy of the sequences of instantaneous frequency and instantaneous spectral energy is always higher in exons than in introns, indicating that introns are structurally less complex, more regular. It is noteworthy that variables related to Gibbs energy sequences are not sufficient to correctly classify exons from introns because they percentages of accuracy are lower than the ones of CWD variables.
This work represents a preliminary study about the advantages taken from the application of time-frequency representation on the characterization of nucleic acid sequences. Additional tests will be made in order to validate the results using more data taken from other chromosomes.
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